A series of [Cu(POP) (N^N][PF6] and [Cu(xantphos) (N^N][PF6] compounds has been prepared and characterized in which POP = bis[2-(diphenylphosphanyl)phenyl]ether (IUPAC PIN oxydi(2,1-phenylene)bis(diphenylphosphane), xantphos = 4,5-bis(diphenylphosphanyl)-9,9-dimethyl-9H-xanthene (IUPAC PIN (9,9-dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane)) and the N^N ligands are 4-(4-bromophenyl)-6,6'-dimethyl-2,2'bipyridine (1), 5,5'-bis(3-methoxyphenyl)-6-methyl-2,2'-bipyridine (2), and 6-benzyl-2,2'-bipyridine (3). The single crystal structures of [Cu(xantphos)(1)][PF6] . CH2Cl2, [Cu(xantphos)(2)][PF6] . CH2Cl2 and [Cu(POP)(3)][PF6] . 0.5H2O were determined by X-ray diffraction. Each complex contains a copper(I) ion in a distorted tetrahedral environment with chelating N^N and P^P ligands. In the [Cu(xantphos)(1)] + and [Cu(xantphos)(2)] + cations, there are face-to-face π-stackings of bpy and PPh2 phenyl rings (i.e. between the ligands); in addition in [Cu(xantphos)(2)][PF6] . CH2Cl2, inter-cation π-embraces lead to the formation of infinite chains as a primary packing motif. In [Cu(POP)(3)][PF6] . 0.5H2O, centrosymmetric pairs of [Cu(POP)(3)] + cations engage in C-H…π (phenyl to bpy) and offset face-to-face (bpy…bpy) contacts. The electrochemical and photophysical properties of the compounds containing ligands 1 and 2 are reported. They are green or yellow emitters in the solid-state (λem in the range 535-577 nm) with values for the photoluminescence quantum yield (PLQY) in the range 19%-41%.
Introduction
Over the last decade, interest has grown in the use of [Cu(P^P)(N^N)] + complexes (N^N = diimine, P^P = bisphosphane) in the emissive layers of light-emitting electrochemical cells [1] [2] [3] [4] [5] . This family of luminescent materials has been developed from the work of McMillin and co-workers who were the first to observe that copper(I) complexes containing both bisphosphane or PPh3 ligands and 2,2'-bipyridine (bpy) or 1,10-phenanthroline (phen) exhibited low-lying metal-to-ligand charge transfer (MLCT) excited states [6, 7] . [Cu(P^P)(N^N)] + complexes containing the wide bite-angle bisphosphanes 4,5-bis(diphenylphosphanyl)-9,9-dimethyl-9H-xanthene (xantphos, IUPAC PIN (9,9- dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane)) and bis (2-(diphenylphosphanyl) phenyl)ether (POP, IUPAC PIN oxydi(2,1-phenylene)]bis(diphenylphosphane)) (Scheme 1) have been widely investigated and show particular promise as materials exhibiting high photoluminescence quantum yields (PLQYs).
In our own investigations, we have focused mainly on [Cu(POP)(N^N)] + and [Cu(xantphos)(N^N)] + complexes in which N^N is a 6-Xbpy or 6,6'-X2bpy in which X is an alkyl [8, 9] , alkyloxy [10] , alkylthio [10] , aryl [9, 11] , halo [12] or trifluoroalkyl [13] [9] and [Cu(xantphos)(6-PhSbpy)][PF6] (38%) (6-Mebpy = 6-methyl-2,2'-bipyridine, 6-Etbpy = 6-ethyl-2,2'-bipyridine, 6,6'-Me2bpy = 6,6'-methyl-2,2'-bipyridine, 6-PhSbpy = 6-phenylthio-2,2'-bipyridine) [10] . A recurring feature of the solid-state structures of [Cu(xantphos)(6-Xbpy)] + complexes is the accommodation of the X group within the bowl-shaped cavity of the xanthene unit.
Armaroli, Nierengarten, Delavaux-Nicot, and coworkers have demonstrated that in [Cu(P^P)(phen)] + and [Cu(P^P)(4,7-Ph2phen)] + (4,7-Ph2phen = 4,7-diphenyl-1,10-phenanthroline) complexes, a factor which contributes to enhanced PLQY is the presence of intramolecular π-stacking interactions within the coordination sphere of the ground-state complex. This inhibits flattening of the structure in the excited state; the flattening is associated with a change from tetrahedral to square-planar copper which accompanies oxidation of copper(I) to copper(II) in the MLCT excited state [14] . Many [Cu(POP)(6-Xbpy)] + and [Cu(POP)(6,6'-X2bpy)] + cations exhibit face-to-face π-stacking between one phenyl ring of a PPh2 unit and one arene ring of the POP backbone, while in [Cu(xantphos)(6-Xbpy)] + and [Cu(xantphos)(6,6'-X2bpy)] + cations, face-to-face -stacking between two phenyl rings of different PPh2 units may be observed, see for example in reference [10] . However, since these π-stacking interactions are within a single ligand rather than between the P^P and N^N ligands, they may not be effective in preventing flattening of the coordination sphere. In terms of solid-state emission, inter-cation π-stacking might also be beneficial in militating against structural reorganization upon excitation. Examples of [Cu(P^P)(N^N)] + complexes in which the N^N ligand contains an extended π-system and in which the single crystal structures reveal inter-cation -stacking interactions include [Cu(xantphos)(N^N)][PF6] in which N^N = 4,4'-bis(4-fluorophenyl)-6,6'-dimethyl-2,2'-bipyridine or 4,4'-bis(4-iodophenyl)-6,6'-dimethyl-2,2'-bipyridine. Interestingly, these two compounds also exhibit intra-cation π-stacking between the P^P and N^N ligands [15] . We were therefore motivated to investigate the structural features of a series of compounds in which intra-and/or inter-cation π-stacking in the solid state should be possible. We selected three N^N ligands, 1-3 (Scheme 1) to combine with POP or xantphos in [Cu(P^P)(N^N)][PF6] compounds. 
Materials and Methods

General
with respect to residual solvent peaks (δ TMS = 0). A Shimadzu UV-2600 spectrophotometer and a Shimadzu RF-5301PC spectrofluorometer, respectively (Shimadzu Schweiz GmbH, 4153 Aesch, Switzerland) were used to record solution absorption and emission spectra. A Shimadzu LCMS-2020 instrument (Shimadzu Schweiz GmbH, 4153 Aesch, Switzerland) was used to measure electrospray ionization (ESI) mass spectra (MeOH solutions). Quantum yields (CH2Cl2 solutions or powder samples) were determined using a Hamamatsu absolute photoluminescence quantum yield spectrometer C11347 Quantaurus-QY (Hamamatsu Photonics, 4500 Solothurn, Switzerland). Emission lifetimes and powder emission spectra were recorded with a Hamamatsu Compact Fluorescence lifetime Spectrometer C11367 Quantaurus-Tau (Hamamatsu Photonics, 4500 Solothurn, Switzerland) with an LED light source (λexc = 365 nm).
Cyclic voltammograms were recorded using a CH Instruments 900B potentiostat (HPLC grade CH2Cl2 solutions, ca. 10 −5 mol dm −3 ; 0.1 M [ n Bu4N][PF6] as supporting electrolyte; scan rate of 100 mV s −1 ). The working, reference and counter-electrodes were glassy carbon, a leakless Ag + /AgCl (eDAQ ET069-1) and platinum wire, respectively. Referencing was against an internal Fc/Fc + couple.
6-Bromo-2,2'-bipyridine [16] , compounds 1 [17] , 2 [18] and 3 [19] , and [Cu(MeCN)4][PF6] [20] were prepared as previously described. The yield of compound 3 was only 20% (24 mg) and for ease of handling, a stock solution in CH2Cl2 (0.01 M) was prepared. POP and xantphos were purchased from Fluorochem (Fluorochem Ltd, Hadfield, UK). Inert conditions were not required for the reactions.
[Cu(POP)(1)][PF6]
[Cu(MeCN)4][PF6] (0.25 mmol, 93.1 mg) was dissolved in CH2Cl2 (30 mL) and POP (0.30 mmol, 160 mg) was added to the solution. The solution was stirred for 1.5 h at room temperature. Compound 1 (0.25 mmol, 84.7 mg) was added and the reaction mixture was again stirred for 1.5 h at room temperature. The reaction mixture was filtered, and the solvent was evaporated under reduced pressure. The crude product was washed with hexane (5 × 20 mL) 13 C{ 1 H} NMR (126 MHz, acetone-d6) δ/ppm 160.1 (C B6 ), 159.6 (C A6 ), 159.1 (t, JPC = 6 Hz, C C1 ), 154.1 (C A2/B2 ), 153.4 (C A2/B2 ), 150.3 (C B4 ), 139.9 (C A4 ), 136.8 (C E1 ), 134.5 (C C3/C4 ), 133.9 (broad, C D2 ), 133.3 (C C5 ), 133.2 (C E3 ), 132.8 (m, C D1 ), 130.8 (broad, C D4 ), 130.2 (C E2 ), 129.6 (t, JPC = 5 Hz, C D3 ), 127.2 (C A5 ), 126.2 (m, C C3/C4+C2 ), 124.9 (C E4 ), 124.5 (C B5 ), 121.4 (C A3 ), 121.0 (t, JPC = 2 Hz, C C6 ), 118.7 (C B3 ), 27 .0 (C MeA ), 26.9 (C MeB ). 31 
[Cu(POP)(2)][PF6]
[Cu(MeCN)4][PF6] (0.25 mmol, 93.2 mg) was dissolved in CH2Cl2 (30 mL) and POP (0.3 mmol, 162 mg) was added. After stirring for 1.5 h at room temperature, compound 2 (0.25 mmol, 95.6 mg) was added and the reaction mixture was stirred for another 1.5 h at room temperature. The mixture was filtered, and the solvent removed under reduced pressure. The crude product was washed with hexane (5  20 mL) and dried in vacuo, redissolved in CH2Cl2 and precipitated with Et2O. 
[Cu(xantphos)(2)][PF6]
Solid 2 (0.25 mmol, 95.6 mg) and xantphos (0.25 mmol, 144 mg) were dissolved in CH2Cl2 (15 mL) and this solution was added to a solution of [Cu(MeCN)4][PF6] (0.25 mmol, 93.3 mg) in CH2Cl2 (15 mL). The mixture was stirred for 1.5 h at room temperature, and was then filtered and the filtrate collected. The solvent was removed under reduced pressure. The crude product was washed with hexane (5  20 mL) and dried under vacuum, then recrystallized from CH2Cl2 and Et2O. Hz, C D3+D'3 ), 128.7 (C C5 ), 126.4 (t, J = 2 Hz, C C4 ), 123.9 (C A3 ), 121.8 (C E6/F6 ), 121.4 (C B3 ), 121.0 (t, JPC = 13 Hz, C C2 ), 119.8 (C E6/F6 ), 115.4 (C E2/F2 ), 114.9 (C E4/F4 ), 114.5 (C E4/F4 ), 113.9 (C E2/F2 ), 55.8 (C OMe ), 55.70 (C OMe ), 37.03 (C xantphos-bridge ), 30.8 (C Me-xantphos ), 27.3 (C MeB ), 25.2 (C Me-xantphos ). 31 127 .0 (C C2 ), 125.9 (C A5 ), 125.5 (C B5 ), 125.2 (C C4+E3 ), 123.2 (C A3 ), 120.6 (C C6 ), 120.2 (C B3 ), 46.4 (C a ). 31 
Crystallography
Single crystal data were collected on a Bruker APEX-II diffractometer (CuK radiation) with data reduction, solution and refinement using the programs APEX [21] , ShelXT [22] , Olex2 [23] and ShelXL v. 2014/7 [24] . Structure analysis including the ORTEP-style diagrams used Mercury CSD v. 4.1.2 [25, 26] .
[Cu(xantphos)(1)][PF6] . CH2Cl2
C58H49BrCl2CuF6N2OP3, Mr = 1211.25, yellow plate, triclinic, space group P-1, a = 12.4425 (14) 
Results and Discussion
Synthesis and Mass Spectrometric and NMR Spectroscopic Characterization of the Copper(I) Compounds
As previously discussed [9] [10] [11] (Figures 1a and 1b ) and the 13 C{ 1 H} NMR spectra (Figure 2) . The signals for the phenyl protons H D2 and H D3 (ortho and meta positions) split into two sets on going from [Cu(POP)(1)][PF6] (Figure 1a ) to [Cu(xantphos)(1)][PF6] (Figure 1b ). In the 13 C{ 1 H} NMR spectra, two sets of signals for C D1 , C D2 , C D3 and C D4 are observed for [Cu(xantphos)(1)][PF6] (Figure 2b ) corresponding, respectively, to the two phenyl rings pointing towards and away from the bpy unit. In [Cu(POP)(1)][PF6], the broadened signals for C D2 and C D4 (Figure 2a Figures 1c and 1d . Apart from the appearance of the signals for the xantphos methyl groups, the chemical environments of the bpy 6-and 6'-methyl groups change significantly. This reflects the location of one methyl group over the xanthene 'bowl' and will be discussed further in Section 3.2. Compared to 1, ligands 2 and 3 are sterically more demanding when we consider the immediate environment of the copper centre. Figure 3 shows part of the 13 Figures 4-6 , respectively, and selected bond parameters are given in the figure captions. In each [Cu(P^P)(N^N)] + cation, the copper atom is in a distorted tetrahedral environment and Table 1 compares the bond parameters for the coordination spheres. The distortion away from an ideal tetrahedral geometry is significant and may be quantified using Houser's 4 parameter [27] which has values of 1.00 for Td and 0.85 for C3v symmetries. The values in Table 1 are consistent with distorted C3v symmetries and a greater distortion for the xantphos-containing complexes, with one large P-Cu-N bond angle in each cation (see captions to Figures 3 and 4) being a contributing factor. The packing interactions in the three compounds illustrate both intra-cation and inter-cation π-contacts. In [Cu(xantphos)(1)][PF6] . CH2Cl2, the N^N and P^P ligands engage in a face-to-face π-stacking interaction involving the pyridine ring with N2 and the phenyl ring containing C46 (Figure 7a ). The interaction is not optimal [28] since the angle between the ring planes is 22.6° and the centroid…centroid distance is 3.95 Å. Nonetheless, it is interesting to note that a similar interaction occurs in
Crystal Structures of [Cu(xantphos)(1)][PF6] . CH2Cl2, [Cu(xantphos)(2)][PF6] . CH2Cl2 and [Cu
where N^N is 4,4'-bis(4-halophenyl)-6,6'-dimethyl-2,2'-bipyridine [15] , symmetrical analogues of ligand 1. The N^N and P^P ligands in [Cu(xantphos)(2)][PF6] . CH2Cl2 also interact through face-to-face π-stacking of a pyridine ring (with N1) and a PPh2 phenyl ring (the ring containing C51). This is depicted in Figure 7b . Once again, the interaction is not optimal [28] with an angle between the ring planes of 29.1° and a centroid…centroid distance of 4.14 Å. A search of the Cambridge Structural Database (CSD, v. 5.40 with February 2019 updates [29] ) for {Cu(xantphos)(bpy)}-containing compounds (excluding {Cu(xantphos)(phen)}) revealed 33 entries of which only six contained N^N/P^P ligand π-stacking interactions, always face-to-face stacking of the bpy domain and a PPh2 phenyl ring. These six structures have CSD refcodes EVADOW [15] , EVADUC [15] , EVAFEO [15] , EVAFOY [15] , VAWDUV [11] and VICREH [13] . In two other structures (CSD refcodes HIJQUP [30] and VANYUH [31] ), inefficient bpy…phenyl π-stacking occurs with angles between the least squares planes of the rings of 38.3° (HIJQUP) and 27.3° (VANYUH). In [Cu(xantphos)(2)][PF6] . CH2Cl2, there are also efficient inter-cation face-to-face π-contacts between ligands 2 (Figure 7c ). These are between centrosymmetric pairs of arene rings with C18 and C18 i (symmetry code i = −x, 1 − y, 1 − z) and centrosymmetric pairs of phenyl rings containing C25 and C25 ii (symmetry code ii = −x, −y, 2 − z). In both motifs, the stacked rings are offset. For the first interaction, the distance between the ring planes is 3.53 Å and between the ring centroids is 3.93 Å, and for the second, the corresponding distances are 3.15 and 4.34 Å. The inter-cation embraces extend to produce infinite chains as shown in Figure 7c . The introduction of the 6-benzyl substituent in ligand 3 allows the possibility of intra-cation π-stacking with an aryl ring of the POP or xantphos ligand. In the solid-state structure of [Cu(POP)(3)][PF6], the benzyl unit faces towards the (C6H4)2O-unit of the POP ligand but is not engaged in π-contacts, neither edge-to-face nor face-to-face. The only intra-cation π-stacking occurs between the aryl rings containing C24 and C36 (Figure 8a) , but since the angle between the ring planes is 26.5° and the centroid…centroid distance is 4.15 Å, this interaction is not optimal. Centrosymmetric pairs of [Cu(POP)(3)] + cations engage in a combination of C-H…π (phenyl to bpy) and offset face-to-face (bpy…bpy) contacts (Figure 8b ) which generate a motif which is reminiscent of the 'parallel quadruple aryl embrace' described by Dance et al. for [Ru(bpy)3] [32] . The offset bpy…bpy interaction involves the rings containing N2 and N2 i (symmetry code i = 1 − x, 1 − y, 1 − z) with an inter-plane separation of 3.50 Å and centroid…centroid distance of 3.93 Å, parameters that are consistent with an efficient interaction [28] . The C-H…π contacts involve C3-H3 and the phenyl ring containing C18 i with a C-H…centroid separation of 2.62 Å. 
Electrochemical and Photophysical Properties
The low yields of the copper(I) complexes containing ligand 3 precluded investigations of their electrochemical and photophysical properties. We focus, therefore, on the behaviour of [Cu(POP) ( , the process is irreversible; no well-defined reduction process is visible on the return wave ( Figure S29 ). The oxidation potentials in Table 2 The profiles of the spectra are strongly dependent upon the N^N ligand. The lowest energy absorptions are assigned to spin-allowed ligand-based transitions while the broad absorption band close to 400 nm arises from metal-to-ligand charge transfer (MLCT). [9, 12] . However, for the compounds containing ligand 2, a red-shift is observed from solution to solid (Figure 10b ) and this is probably associated with the extensive intermolecular π-stacking between ligands 2 that is confirmed in the crystal structure of [Cu(xantphos)(2)][PF6] . CH2Cl2. Where a comparable red-shift has been observed for other emissive metal coordination compounds, strong intermolecular interactions (e.g. in thin films) have been suggested as the cause [4] . The PLQY is significantly enhanced on going from solution to the solid state (Table 5 ) with the compounds containing ligand 1 having the highest values. 
Conclusions
We 
